tendon (semitendinosus and gracilis tendon), and thus, reduce donor site morbidity and allow earlier rehabilitation.
The ACL carries only small loads during normal daily functions, that is, to 20% (450-500 N) of its loadbearing capacity at failure. 3, 4) In fact, the most strenuous activities rarely expose the ACL to more than 50% of its maximal load. 5) Furthermore, it has been previously established that fixation strength of 450 N is sufficient for rehabilitation after ACL reconstruction. 6, 7) If a minimum of 28 cm of semitendinosus tendon is harvested, a 7 cm four-strand semitendinosus graft can be made for ACL reconstruction, a 2 cm graft for the femoral tunnel, a 3 cm graft for the intra-articular portion, and a 2 cm graft for the tibial tunnel. Some studies have considered optimal graft length in the femoral bone tunnel. Zantop et al., 8) Yamazaki et al., 9) and Qi et al. 10) found that reducing tendon graft length in the femoral tunnel from 25 to 15 mm did not have any adverse histological or biomechanical effects in a small animal model, and a previous article reported that a semitendinosus tendon graft of > 28 cm is harvested for a four-stranded single graft in 94.5% of cases during ACL reconstruction surgery. 11) We hypothesized that fixation with a 2 cm tendon length in a bone tunnel would achieve the fixation strength of 450 N required for adequate rehabilitation after ACL reconstruction. Accordingly, we measured the tibial fixation strengths provided by soft tissue grafts of different lengths within tibial tunnels using porcine tibia, and measured the fixation strengths of 2 cm grafts within the bone tunnels.
METHODS
This study was approved by Kyungpook National University Hospital's Institutional Review Board, which has been certified by the Forum for Ethical Review Committees in the Asian and Western Pacific Region. This study was performed using 20 freshly frozen porcine hind limbs (10 pairs) from 90 kg pigs aged 8-9 months. After removing all muscles, ligaments, and knee joint capsules, tibiae were prepared for testing. Hind limb flexor digitorum tendons were then harvested, and all specimens were stored at -20°C until required for testing. Before testing, each specimen was thawed overnight at 4°C. Hind-limbs were then allocated to one of the two study groups (group 1 [n = 10], the 2 cm intraosseous graft length group; and group 2 [n = 10], the 4 cm graft length group). Left and right tibiae were allocated to groups 1 and 2, respectively.
Bone mineral densities (BMD) were measured by dual-emission X-ray absorptiometry (DEXA; Lunar Prodigy, GE HealthCare, Madison, WI, USA) at the anteromedial tibial metaphysis, which was the planned tunnel location. In addition, the BMDs of the anteromedial tibial metaphyses of proximal tibiae were measured in 10 healthy young men (mean age, 27.9 ± 2.6 years; mean body mass index, 24.5 ± 2.1 kg/m 2 ). For all porcine tibiae, a tunnel of diameter 8 mm and length of 4 cm was prepared on the anteromedial tibia, and a guide pin was located at the center of the ACL. Graft tendons of length 8 and 6 cm were prepared. After making a double loop by folding grafts once, graft diameters were 8 mm. Graft ends were then sewn using Ticron #2 (Tyco, Waltham, MA, USA) non-absorbable sutures with an interlocking stitch (Fig. 1) . In group 1 (n = 10), the grafts had an intraosseous length of 2 cm and an extraosseous length of 4 cm, whereas in group 2 (n = 10) grafts had an intraosseous length of 4 cm and an extraosseous length of graft of 4 cm. Grafts were fixed using four-strand sutures tied around a screw post with a washer. In addition, a single 7 × 20 mm bioabsorbable screw (Bioscrew, ConMed Linvtec, Largo, FL, USA) was inserted between the tibial bone tunnels and grafts (Fig. 2) . 12, 13) An Electroplus E3000 unit (Instron, High Wycombe, UK) was used for tensile strength testing. Briefly, a tibia was positioned beneath the load cell with the bone tunnel parallel to the axis of the test machine, and the graft loop was then secured over a shackle bolt (rafts were kept moist with a saline spray during preparation and testing) (Fig. 3 ). Samples were subjected to preconditioning, which involved 10 loading cycles alternating between 0 and 50 N. The applied load was then increased to 145 N and samples were subjected to 1,000 cycles of 70-220 N at 1 Hz (this protocol is consistent with the ACL loads during normal walking, as determined by Coleridge and Amis 14) ). Grafts were marked with ink at tunnel exit points after applying the preconditioning load, and again after cycle tensile loading. Graft slippage was defined as the distance between these two lines, and was measured using an electronic caliper. 15) Total graft movement was defined as the change in maximum crosshead movement relative to the exten- sion at the first load peak, and represented a combination of graft slippage relative to the tibia plus creep elongation. Ultimate tensile strength was measured by pull-out testing at a crosshead speed of 1,000 mm/min after completing the cyclic tensile loading test; pull-out testing ended when a graft pulled out of the bone. 15) Failure modes were evaluated, and the means, ranges, and standard deviations of graft slippage, total graft movement, and ultimate tensile strength; 95% confidence limits were calculated.
The Mann-Whitney U-test was used to compare graft slippage, total graft movement, and ultimate tensile strength, and the Kruskal-Wallis test was used to compare BMD differences. The required study sample size was determined using biomechanical data from earlier studies. [16] [17] [18] Results were analyzed using IBM SPSS ver. 19 (IBM Co., Armonk, NY, USA), and p-value < 0.05 was considered significant. ) in the human control group (p = 0.059 and 0.356). The BMD differences were not significant. All grafts pulled-out from the bone tunnel, except one in group 2 that failed due to graft rupture. Table 1 summarizes graft slippage, total graft movement, and ultimate tensile strength in the two experimental groups. After cyclic loading, mean graft slippage was 1.2 mm in group 1 and 1.2 mm in group 2 (p = 0.917), and the upper 95% confidence limit of graft slippage was < 2.0 mm in both groups. Mean total graft movement after cyclic loading was 3.3 mm in group 1 and 2.7 mm in group 2 (p = 0.199), and the upper 95% confidence limit of total graft movement was 4.1 mm in group 1 and 3.1 mm in group 2 (Table 1 and Fig. 4) . No significant intergroup difference was observed for graft slippage or total graft movement.
RESULTS

Mean
Mean ultimate tensile strength was significantly lower in group 1 than that in group 2 (649.9 N and 938 N, respectively; p = 0.008) ( Table 1 and Fig. 5) , and the mean lower 95% confidence limits in the two groups were 494.4 N and 783.3 N, respectively. Nevertheless, fixation strength of the 2 cm graft (> 450 N) was suitable for early rehabilitation after ACL reconstruction. 
DISCUSSION
This study was undertaken to determine whether a 2 cm long graft within a bone tunnel has sufficient strength for early rehabilitation after ACL reconstruction, and whether a single hamstring tendon, the use of which would reduce donor site morbidity after harvesting semitendinosus and gracilis tendon, is suitable for ACL reconstruction. Mean ultimate tensile loads in groups 1 and 2 for a four-strand suture tied around a screw post with a washer and secured with additional a bioabsorbable interference screw were 649.9 N and 938 N, respectively, which were greater than ultimate tensile loads reported in previous studies. 12, 14, 15, 19) Our findings indicate the ultimate tensile loads of 2 cm grafts meet early rehabilitation requirements, despite being lower than those provided by a 4 cm graft. Early rehabilitation after ACL reconstruction is associated with better outcomes. However, previous fixation strength studies after ACL reconstruction have usually focused on fixation methods and graft materials or on the biomechanical properties of interference screw fixed soft-tissue grafts, 12, 14, 15, 19) and relatively few have addressed tendon lengths within bone tunnels. [8] [9] [10] 20) In these biomechanical studies, mean reported ultimate failure loads for metal screws ranged from 338 N to 521 N. Moreover, it has been separately reported that the ACL graft fixation complex is subjected to loads of approximately 450 N during early functional rehabilitation programs. 6, 7) Insufficient scientific evidence is available to make recommendations regarding graft length in the femoral tunnel during ACL reconstruction using a soft tissue graft, but it is commonly believed that graft healing is improved by having more graft tissue within the bone tunnel, as this provides a tighter fit. 8) Greis et al., 20) in an extra-articular dog model, reported that pull-out graft strength at 6 weeks after surgery was enhanced by increasing tendon length within the tunnel. However, Yamazaki et al., 9) who compared 5 mm and 15 mm tibial intraosseous grafts in an intra-articular dog model, found no differences between the histological and biomechanical properties of healing grafts at 6 weeks postoperatively. In contrast, the placement of an excessively long flexor graft within the bone tunnel does not result in an additional increase in anchoring strength or graft stiffness after ACL reconstruction. Zantop et al. 8) reported on intra-articular bone tunnel tendon healing in a goat model, and found no negative correlation between graft length in the femoral tunnel and resulting knee kinematics or structural properties. Furthermore, reducing tendon graft length in femoral bone tunnels from 25 mm to 15 mm did not have an adverse effect. Qi et al. 10) performed an intra-articular study on bone tunnel tendon healing in a dog model and concluded that the histological maturity and biomechanical strength of the tendon bone junction after ACL reconstruction is delayed during the early stage if graft length in the bone tunnel is < 15 mm. However, it should be added that all of the abovementioned animal studies were performed using small animals. [8] [9] [10] 20) Some biomechanical and clinical studies have been conducted on ACL reconstruction using a single semitendinosus tendon, that is, without gracilis harvesting. 11, [21] [22] [23] [24] The majority of these studies concluded that ACL reconstruction using a single four-strand semitendinosus tendon short graft produces good clinical results, does not compromise joint stability, and reduces donor site morbidity. They concluded that this technique provide a good option for ACL reconstruction. 7, 21, 23) Some limitations of the current study should be considered. First, we used a porcine model, which raises the question as to whether our results are clinically applicable. Furthermore, the specimen type used is important when performing graft fixation experiments using animal models. In a previous study on the use of interference screw graft fixation in porcine and human bone, the maximum tensile strength differences were insignificant. 25) Direct comparisons between human specimens are difficult because it is difficult to control for factors such as, donor age and bone density differences. For these reasons, we chose to use porcine bone, which allowed us to control these factors. Furthermore, porcine tibiae have been used many times in similar experimental studies, 13, 18, 19) and we found no significant difference between porcine and human BMDs. We chose not to use bovine tendons because they were more difficult to obtain, despite a report that they more closely match young human tendons. 26) Second, this study involved time-zero biomechanical testing under immediate postoperative conditions; thus, no histological comparison was possible. However, to address the effects in humans, we performed tensile testing after 1,000 cyclic loadings, which ostensibly represents the activities of daily living.
14,27) Third, we did not repeat measurement of the graft slippage to reduce error and did not perform intraor interobserver reliability testing.
Our results show that ultimate tensile strength was greater for a 4 cm (938 N) long flexor tendon than a 2 cm (650 N) flexor tendon in the tibial tunnel in a porcine model,. However, these two flexor tendon lengths were not significantly different in graft slippage, total graft movement, or mode of failure. We conclude that a 2 cm graft is suitable for an early rehabilitation program after ACL reconstruction as it can cope with loads in excess of 450 N.
CONFLICT OF INTEREST
No potential conflict of interest relevant to this article was reported.
